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Abstract
Diabetes induces glomerular hyperfiltration, affects kidney function, and may lead to chronic kidney diseases. A novel
therapeutic treatment for diabetic patients targets the sodium–glucose cotransporter isoform 2 (SGLT2) in the kidney. SGLT2
inhibitors enhance urinary glucose, Na+ and fluid excretion and lower hyperglycemia in diabetes by inhibiting Na+ and
glucose reabsorption along the proximal convoluted tubule. A goal of this study is to predict the effects of SGLT2 inhibitors
in diabetic patients with and without chronic kidney diseases. To that end, we applied computational rat kidney models to
assess how SGLT2 inhibition affects renal solute transport and metabolism when nephron population are normal or reduced
(the latter simulates chronic kidney disease). The model predicts that SGLT2 inhibition induces glucosuria and natriuresis,
with those effects enhanced in a remnant kidney. The model also predicts that the Na+ transport load and thus oxygen
consumption of the S3 segment are increased under SGLT2 inhibition, a consequence that may increase the risk of hypoxia
for that segment. To protect the vulnerable S3 segment, we explore dual SGLT2/SGLT1 inhibition and seek to determine
the optimal combination that would yield sufficient urinary glucose excretion while limiting the metabolic load on the S3
segment. The model predicts that the optimal combination of SGLT2/SGLT1 inhibition lowers the oxygen requirements of
key tubular segments, but decreases urine flow and Na+ excretion; the latter effect may limit the cardiovascular protection of
the treatment.
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1 Introduction

In mammals, the kidneys are organs that extract waste from
blood and regulate the balance of water, electrolytes, and
acid–base species. The kidneys accomplish these crucial
tasks by filtering blood through the nephrons. Nephrons are
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elongated tubules surrounded by a layer of epithelial cells.
A portion of the blood supplied to the nephrons is extracted
from the bloodstream and directed into the renal tubules. As
the extracted fluid flows through the nephrons, its composi-
tion constantly changes, as water and solutes are selectively
reabsorbed or secreted, depending on the animal’s needs.
The final fluid that emerges is urine. When renal function
is impaired and the kidneys fail to filter properly, waste
accumulates in the blood, in a condition called azotemia. If
the disease progresses, symptoms such as vomiting, nausea,
weight loss, itching, bone damage, etc. become noticeable.

Chronic kidney diseases (CKD) are a growing public
health and economic burden. In the USA, one in 10 adults,
or more than 20 million, have some levels of CKD. In 2013,
CKDpatients incurred almost $50 billion inMedicare expen-
ditures. High blood pressure and diabetes are themain causes
of CKD [9]. Almost half of individuals with CKD also
have diabetes and/or self-reported cardiovascular disease.
But despite intense research, the underlyingmechanisms that
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lead to the development of CKD remain incompletely under-
stood.

There is consensus that renal hypoxia is an important path-
way in the development of CKD. In general, renal hypoxia is
due to a mismatch between changes in renal oxygen delivery
and oxygen consumption (QO2) [8]. Renal oxygen delivery
is primarily determined by renal blood flow [8]. Renal QO2
is mainly driven by the metabolic work of tubular sodium
reabsorption, which in turn is largely driven by the filtered
load of sodium, and thus glomerular filtration rate (GFR) [7].
It is believed that renal QO2 increases in diabetes, and, with-
out compensatory increases in oxygen supply, renal hypoxia
and eventually CKD develops. Thus, one approach to slow
progression to CKD in diabetic patients is to reduce or at
least limit the increase in renal QO2.

Under physiological conditions, virtually all filtered glu-
cose is reabsorbed by the kidney, specifically by the proximal
tubule, where secondary active transport of sugar is mediated
by the Na+–glucose cotransporter SGLT2. In diabetes, the
filtered glucose load may exceed the transport capacity of
the proximal tubule, and glucose appears in urine (i.e., glu-
cosuria). Insulin is a popular approach to lower blood glucose
level in diabetes, but it has side effects such as weight gain
and becomes ineffective in diabetic patients who are insulin
resistant. A new alternate approach is to inhibit glucose
reabsorption in the kidney, by primarily targeting the early
proximal tubule. SGLT2 inhibitors have proven to be effec-
tive not only in lowering blood sugar level, but they have also
been reported to reduce blood pressure and protect fromheart
failure, even in patients with CKD and reduced GFR [26,33].

However, inhibition of SGLT2 lowers proximal tubule
uptake of not only glucose but Na+ as well, thereby shift-
ing Na+ transport to downstream nephron segments. This is
unfortunate because the transport efficiency of those down-
stream segments is lower than the proximal tubule, i.e., those
downstream segments require more oxygen to transport the
same amount of Na+ compared to the proximal tubule. This
downstream shift of Na+ transport may be a particular con-
cern, given the potential role of tissue hypoxia in the develop-
ment of diabetic nephropathy. Thus, a reasonable question is:
Does SGLT2 inhibition have the detrimental effect of lower-
ing medullary oxygen tension (PO2)? Two nephron segments
that are most vulnerable to hypoxic injury are the S3 segment
(or, the proximal straight tubule, which follows immediately
the proximal convoluted tubule and expresses the SGLT1)
and the medullary thick ascending limb segment. Their vul-
nerability is due to their location in regions of themedulla that
have low baseline PO2, and to their relatively limited capac-
ity for anaerobic metabolism. Thus, an important question
is: To what extent does SGLT2 inhibition increaseQO2 of the
S3 segment and the thick ascending limb?

An alternative therapeutic approach is dual SGLT1-
SGLT2 inhibition. Inhibition of SGLT1 may be a double-

edged sword: it protects the S3 segment by reducing its Na+
transport and thus QO2, but may further aggravate the thick
ascending limb by elevating its transport. Thus, key questions
are:What is the optimal combination of SGLT1 and SGLT2,
in terms of suppressing tubular glucose uptake and main-
taining a sufficiently high medullary PO2? And how would
these answers differ between a diabetic patient with healthy
kidneys, and one suffering from chronic kidney diseases?

To address these questions, we have developed compu-
tational models of solute transport and metabolism in the
kidney of a diabetic control rat (healthy kidney) and a diabetic
rat with a remnant kidney (representing CKD). We applied
the models to determine QO2 under SGLT2 inhibition and
differing combinations of SGLT2 and SGLT1 inhibition.

Modelingmethodology

Model simulationswere performed using our publishedmod-
els of epithelial transport along nephrons in the kidney of a
diabetic control rat and a diabetic rat with CKD (or, rem-
nant kidneys) [22,27]. The nephron model accounts for 15
solutes: Na+, K+, Cl−, HCO−

3 , H2CO3, CO2, NH3, NH
+
4 ,

HPO2
4, H2PO

−
4 , H

+, HCO−
2 , H2CO2, urea, and glucose. The

model is formulated for steady state and predicts luminal
fluid flow, hydrostatic pressure, luminal fluid solute con-
centrations, and, with the exception of the descending limb
segment, cytosolic solute concentrations, membrane poten-
tial, and transcellular and paracellular fluxes.

To compute transcellular and paracellular solute andwater
fluxes, the model represents the epithelial cells as distinct
compartments, with the apical and basolateral members sep-
arating the cell from lumen and the interstitium, respectively.
The lateral innerspace (i.e., the paracellular pathway between
adjacent cells) is explicitly represented.Cell type varies along
the nephron. Thus, the set of transporters represented on the
apical and basolateral members also vary along the nephron.
The model nephron with its distinct segments, and the model
proximal tubule epithelial cell is shown in Fig. 1. Submodels
for transporters that are essential for this study are described
below. Details for other cell models and transporter models
can be found in Refs. [29,30] and the references therein.

Diabetes induces renal hypertrophy, hyperfiltration, and
alterations in transporter expression. As in our previous
model [30], we simulate diabetic conditions by simulta-
neously raising plasma glucose, single-nephron glomerular
filtration rate (SNGFR), tubular diameter and length, and the
expression levels of SGLT2 and other selected Na+ trans-
porters, and by decreasing SGLT1 expression. Details on
changes in transporter expression can be found in Ref. [30].
The same diabetes-induced fractional changes in transporter
expression are assumed in control and remnant kidneys (see
below). Plasmaglucose concentration is taken to be 25mMin
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Fig. 1 Schematic diagrams of the model nephron (left) and the proxi-
mal tubule epithelial cell (right). PCT proximal convoluted tubule, SDL
short descending limb, mTAL/cTAL medullary/cortical thick ascending
limb,DCT distal convoluted tubule, CNT connecting tubule, CCD cor-
tical collecting duct, OMCD/IMCD outer/inner-medullary collecting
duct

control and slightly higher at 30mM in remnant kidneys [32].
Model parameters under baseline conditions can be found in
Refs. [22,23,28–30].

1.1 Glucose transport

Given that the focus of this study on diabetes and glucose
excretion, we describe below glucose transport by the prox-
imal tubule, mediated by SGLT1 and SGLT2 on the apical
membrane, and by glucose transporter (GLUT) on the baso-
lateral membrane.

The fluxes of glucose and Na+ across SGLT1 (on the api-
cal membrane of the S3 epithelial cells, Fig. 1) are computed
using the kinetic model developed by [6,36]. The 6-state
model assumes a Na+:glucose stoichiometry of 2:1, does
not assume rapid binding to the transporter, and includes 14
rate constants. Flux equations and parameter values can be
found in Refs. [36,47].

The kinetic behavior of SGLT2 (on the apical membrane
of the proximal convoluted cells, Fig. 1) is relatively less well
characterized. Based upon the sodium-alanine cotransporter
model [14], the SGLT2 flux is calculated as

JSGLT2glu = XSGLT2k
f
u

Φ

(
C lum
glu C

lum
Na+ exp(ζ ) − Ccyt

gluC
cyt
Na+

)
(1)

JSGLT2Na+ = JSGLT2glu (2)

where

ζ = F(Ψlum − Ψcyt)/(RT )

nlum = C lum
Na+

K SGLT2
m,Na+

, ncyt = Ccyt
Na+

K SGLT2
m,Na+

glum = C lum
glu

K SGLT2
m,glu

, gcyt = Ccyt
glu

K SGLT2
m,glu

Φ = (1 + nlum + glum + nlumglum)(1 + ncytgcyt)

+(1 + ncyt + gcyt + ncytgcyt)(1 + nlumglum exp(ζ ))

(3)

XSGLT2 characterizes the density of SGLT2 transporters, k f
u

is the forward translocation rate of the unloaded carrier,C lum
glu

and C lum
Na+ , respectively, denote the luminal concentration of

glucose and Na+, Ccyt
glu and Ccyt

Na+ denote the cytosolic con-
centration of glucose and Na+, and Ψlum and Ψcyt represent
the electric potential in the lumen and cytosol. R is the ideal
gas constant, F is the Faraday constant, and T is the tem-
perature. Lastly, K SGLT2

m,glu and K SGLT2
m,Na+ , respectively, denote

the binding affinity of SGLT2 to glucose and Na+. Equa-
tion 1 posits a simultaneous mechanism for the transport of
Na+ and glucose. It also assumes that (a) the binding affini-
ties to a given ion on the luminal and cytosolic sides of the
membrane are the same, (b) the forward (k f

u ) and backward
(kbu ) translocation rates of the unloaded carrier, and the back-
ward translocation rate of the fully loaded carrier (kbl ), are
all equal, and (c) the forward translocation rate of the fully
loaded carrier (k f

l ) is given by (k f
u kbl /k

b
u) · exp(ζ ), so as

to satisfy thermodynamics constraints (i.e., the principle of
microscopic reversibility).

The flux of glucose across GLUT transporters is deter-
mined based on the Maki and Keiser model [31]

JGLUTglu = VGLUT
m

(
KGLUT
m (Ccyt

glu − Cext
glu)

(KGLUT
m + Ccyt

glu)(K
GLUT
m + Cext

glu)

)
(4)

where VGLUT
m is the maximum glucose flux, KGLUT

m is the
glucose dissociation equilibrium constant, and Cext

glu denotes
the external (peritubular) glucose concentration.

Parameter values for glucose transport are listed inTable 1.
The expression levels of SGLT1 and SGLT2, and the SGLT2
binding constants are chosen so that (a) the fraction of the
glucose load that is reabsorbed by the S3 segment during
SGLT2 inhibition is consistent with experimental measure-
ments in mice [38], and (b) glucosuria begins when plasma
glucose reaches ∼ 16 mM (see below).

1.2 Oxygen consumption

The measurements of Welch et al. suggest that, in rats, the
whole kidney basal-to-total QO2 ratio is 25–30% [46]. By
extrapolation, Evans et al. estimated that this ratio ranges
between ∼ 10 and 45% in rats under normal conditions (i.e.,
with FENa = 1%) [7].We assume here that, in the absence of
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Table 1 Glucose transport
parameters

Parameter Value References

SGLT1 density 83.3 × 10−9 mmol cm−2 [28]

SGLT2 transport rate, XSGLT2k
f
u 1.30 × 10−3cm4 mmol−1 s−1 [28]

SGLT2 binding affinity to glucose, K SGLT2
m,glu 4.9 mM [28]

SGLT2 binding affinity to sodium, K SGLT2
m,Na+ 25 mM [28]

GLUT1 maximum rate, VGLUT1
m 3.00 × 10−6 mmol s−1 cm−2 [28]

GLUT1 affinity to glucose, KGLUT1
m 2.0 mM [31]

GLUT2 maximum rate, VGLUT2
m 1.625 × 10−6 mmol s−1 cm−2 [28]

GLUT2 affinity to glucose, KGLUT2
m 17 mM [31]

Tight junction permeability to glucose 3.1 × 10−6 cm/s [13]

diabetes, Qbasal∗
O2 remains constant and equal to 20% of total

QO2 under baseline conditions. That is

Qbasal∗
O2 = 0.20(Qbasal

O2 + Qactive∗
O2 ) = (0.20/0.80)Qactive∗

O2

(5)

where Qactive
O2 is the rate of QO2 for active Na

+ reabsorption,
and the asterisk denotes base-case conditions. To account
for the higher basal QO2 in diabetic rats [16,34,35], as in our
previous study [30], Qbasal

O2 is taken to increase (relative to the
non-diabetic Qbasal∗

O2 ) by 40% in all cortical segments and by
160% each in the S3 segment and medullary collecting duct,
and to remain unchanged in the medullary thick ascending
limb.

In turn, Qactive
O2 is determined based upon the ATP

consumption of the basolateral Na, K-ATPase. Oxidative
metabolism yields about 5 moles of ATP per mole of O2

consumed, depending on the substrate [37]. Furthermore, 1
mole of ATP is required to pump out 3 moles of Na+ via the
Na,K-ATPase. Diabetes decreases the T active

Na /Qactive
O2 ratio in

the proximal tubule by 20%, as a result of increased fatty
acid metabolism [1]. We thus have

Qactive
O2 = T active

Na /12 (6)

where Tactive
Na is the rate ofNa+ transport acrossNa,K-ATPase

pumps. Note that Tactive
Na differs from the overall rate of Na+

reabsorption (denoted TNa), as a significant fraction of Na+
is passively transported across the paracellular pathway.

1.3 Simulating a remnant kidney

Because CKD typically involves loss of nephrons, we use the
remnant kidney as a model for CKD. Specifically, we simu-
late the kidney in a 5/6-nephrectomized (5/6-NX) rat, i.e., one
in which 5/6 of its renal mass has been surgically removed.
Following nephrectomy, the remaining nephrons can adapt
with appropriately elevated urinary excretion per nephron to
maintain total excretion rates. Such compensatory response

involves adaptive changes in GFR, in tubular growth, and in
transepithelial transport. Following our previous approach
to this setting [22], we assumed in 5/6-NX that SNGFR
was increased by 110 and 50% in the superficial and jux-
tamedullary nephrons, respectively, [15]. Additional model
parameters for simulating a remnant kidney can be found in
[22].

1.4 Simulating SGLT2 inhibition

SGLT2 inhibition was found to lower blood glucose levels
by 60% in diabetic Akita mice, from∼25 to 10 mM, without
altering the renal membrane expression of SGLT1 nor that of
SGLT2 (i.e., the diabetes-induced changes were maintained)
[44]. Thus, in simulating SGLT2 blockade in diabetic con-
trol rats, we reduced the plasma concentration of glucose
to 10 mM, in addition to decreasing SNGFR from diabetic
levels. Because filtered glucose load was lower in nephrec-
tomized rats, glucouria and thus the glucosuric efficacy of
SGLT2 inhibitors were reduced as well. Thus, we assumed
that SGLT2 inhibition in diabetic CKD lowered plasma glu-
cose concentration to 20 mM.

Furthermore, SGLT2 inhibition is known to reduce or pre-
vent diabetic-induced hyperfiltration in rodents [43–45] and
humans [4], via its effects on renal tubular reabsorption (a
feedback and tubular hydrostatic pressure effect) and possi-
bly also by lowering the effects of high blood glucose levels
on vascular tone (an effect not attributable to a feedback
mechanism in the kidney known as tubuloglomerular feed-
back (TGF) [2]). Thus, when simulating the effects of SGLT2
inhibition in diabetic rats, we lowered SNGFRhalf-way to its
value in non-diabetic rats; that is, if SNGFRnon−diabetic and
SNGFRdiabetes denote SNGFR in non-diabetic and diabetic
rats, respectively, then under SGLT2 inhibition, SNGFR is
set to

0.5 × (SNGFRnon−diabetic + SNGFRdiabetes)

We assumed that in SGLT2 inhibition, systemic appli-
cation of the inhibitor reaches the entire proximal tubule
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Fig. 2 GFR (a), filtered Na+ (b), and filtered glucose (c), given per animal, with or without CKD or SGLT2 inhibition. A reduction in nephron
number lowers the total filtered rates of fluid (GFR), Na+, and glucose

from Bowman space downward. Thus, we abolished trans-
port across SGLT2by 100%. Furthermore, inwild-typemice,
chronic inhibition of SGLT2 by empagliflozin was found to
reduce SGLT1 protein by 35% [44]. These changes in trans-
porter density were accounted for in our simulations.

2 Simulation results

We considered the kidney of a diabetic control rat and of
a diabetic rat with CKD. For each type of kidney, we con-
ducted simulations separately under baseline conditions (i.e.,
untreated) and with SGLT2 inhibition. GFR and filtered Na+
and glucose loads are shown in Fig. 2. GFR and filtered loads
are lower in the CKD rat due to the reduced nephron popu-
lation. As previously noted, SGLT2 inhibition reduces GFR
via TGF; see Fig. 2a. These GFR-lowering effects are sim-
ilarly reflected on filtered Na+ load (Fig. 2b). Furthermore,
SGLT2 inhibition in a diabetic kidney lowers plasma glucose
concentration from 25 to 10 mM in control, and from 30 mM
to 20 mM in CKD; see filtered glucose load in Fig. 2c.

2.1 Effect of SGLT2 inhibition in a diabetic control rat

Because SGLT2 inhibitors are designed to lower blood glu-
cose level, and because glucose is primarily reabsorbed along
the proximal tubule, we show predicted proximal tubule
luminal glucose flow, obtained with and without SGLT2
inhibition, in Fig. 3a. The model assumes that little glucose
is reabsorbed downstream of the proximal tubule. Figure 4
shows the predicted urine flow, Na+ excretion, and glucose
excretion.

In a diabetic control kidney with elevated blood glucose
level of 25 mM, 59% of the filtered glucose was predicted
to be reabsorbed via SGLT2 along the proximal convoluted
tubule under baseline (or, untreated) conditions; see Fig. 3a,
solid line. That transport fraction was reduced to 7% of fil-
tered glucose under SGLT2 inhibition (Fig. 3a, dashed line).
(Recall that filtered glucose load with SGLT2 inhibition was
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Fig. 3 Predicted proximal tubule glucose flow, obtained for the con-
trol (a) and CKD (b) kidney, with and without SGLT2 inhibition. The
proximal tubule (PT) is functionally divided into two segments: the (ini-
tial) proximal convoluted tubule and the S3 segment (labeled). The dot
denotes the division between these two segments

31% of baseline due to differential effects on GFR and blood
glucose; see Fig. 2c). The S3 segment reabsorbed 3% of fil-
tered glucose via SGLT1 under baseline conditions, and 19%
of filtered glucose with SGLT2 inhibition (Fig. 3a). In both
scenarios, a significant amount of glucose was excreted in
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Fig. 4 Predicted urinary flow (a), Na+ excretion (b), and glucose excretion (c), given per animal, with or without CKD or SGLT2 inhibition

the urine (32 and 22 µmol/min per animal for baseline and
SGLT2 inhibition, respectively; Fig. 4c).

In the diabetic control kidney, SGLT2 inhibition raised
tubular fluid glucose concentration and thus osmolality suf-
ficiently downstream from the glomerulus, thereby reducing
water reabsorption. The higher water content diluted luminal
Na+ concentration and decreased Na+ reabsorption, partic-
ularly via the paracellular pathway. Consequently, SGLT2
inhibition reduced both transcellular and paracellular Na+
transport along the proximal convoluted tubule; total Na+
reabsorption along this segment decreased to 78% of base-
line. This increased Na+ delivery to the thick ascending
limbs, and as well as Na+ transport along these segments.
Taken together, in diabetic conditions, urinary Na+ excretion
was predicted to increase by 12%with SGLT2 inhibition; see
Fig. 4b.

2.2 Effect of SGLT2 inhibition in a diabetic rat with
CKD

Plasma glucose concentration in a diabetic rat with CKD
following SGLT2 inhibition was assumed to remain higher
compared to control (20 versus 10 mM). However, GFR was
much reduced; thus, compared to control, the filtered glucose
load was lower in CKD (see Fig. 2c). The effects of SGLT2
inhibition in the diabetic remnant kidneys were qualitatively
similar to diabetic control. Under SGLT2 inhibition, 7% of
the filtered glucose was reabsorbed via SGLT1 along the S3
segment in the diabetic remnant kidney. SGLT2 inhibition
lowered GFR. And compared to the glucose excretion rate
of 22µmol/min in control, SGLT2 inhibition yielded a lower
excretion rate of 14 µmol/min in CKD.

The effect of SGLT2 inhibition on Na+ excretion in dia-
betic CKDwas similar to control. SGLT2 inhibition lowered
Na+ reabsorption along the proximal convoluted tubule by
23% (similar to 22% reduction in diabetic control). Along
the S3 segment, SGLT2 inhibition increased Na+ secretion
by > 5 fold (compared to the untreated case) in a remnant
kidney. Thiswas caused by the reduction in luminalNa+ con-

centrations due to strong water retaining effect of the very
high amounts of filtered glucose which were delivered to the
S3 segment in response to SGLT2 inhibition. (In contrast,
net Na+ reabsorption was maintained along the S3 segment
under SGLT2 inhibition in diabetic control.) Along the thick
ascending limbs, SGLT2 inhibition increased Na+ transport
by 24% in a remnant kidney. SGLT2 inhibition yielded a
much higher fractional increase in Na+ excretion of 56%
(Fig. 4b), compared to 12% in control, due to the decreased
Na+ reabsorption along the proximal convoluted tubule as
well as to the increased Na+ secretion along the S3 segment.

2.3 Effect of SGLT2 inhibition onmetabolism

Asdiscussed above, tubularQO2 depends, in part, on transcel-
lular Na+ transport. SGLT2 inhibition decreases proximal
tubule Na+ reabsorption, thereby increasing Na+ delivery
and Na+ transport load of downstream segments. In other
words, SGLT2 inhibition is expected to shift Na+ transport
to distal segments, which likely elevates their QO2. Given
that some of these segments, such as the S3 segment and
medullary thick ascending limb, are vulnerable to hypoxic
injury, we determine the QO2 of the proximal convoluted
tubule, S3 segment, and medullary thick ascending limb in a
control andCKDkidney,with andwithout SGLT2 inhibition.
Results are shown in Fig. 5.

A comparison between panels A (control) and B (CKD)
in Fig. 5 indicates that, due to the much elevated SNGFR,
transport load and thus QO2 per nephron were substantially
increased in CKD compared to control (left axis). Note, how-
ever, thatwhole-kidney transport and metabolismwere lower
in CKD (right axis), whose nephron population is only 1/6
of control.

SGLT2 inhibition reduced transcellular Na+ transport and
thus Qactive

O2 along the proximal convoluted tubule of a dia-
betic kidney, in large part due to a lowerGFR. That effect was
attenuated by a reduction in nephron number. This was due
to the higher plasma glucose concentration, relative to con-
trol, assumed in a nephrectomized kidney following SGLT2
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Fig. 5 Total QO2 along key nephron segments obtained for control (a)
and CKD (b) cases, with or without SGLT2 inhibition

inhibition. The resulting higher tubular fluid osmolality led
towater retention, lower tubular fluid [Na+], and, in the CKD
case, increased paracellular Na+ secretion.

An increase in transcellular Na+ transport was observed
along the S3 segment due to enhanced SGLT1-mediated
transport. The model predicted that total S3 segmental QO2
increased by 18%with SGLT2 inhibition in the diabetic con-
trol kidney. In the diabetic remnant kidney, S3 segmental
QO2 increased by 16%. Modest and similar increases in QO2
were predicted along distal segments in diabetic control and
remnant kidneys on a single-nephron level (Fig. 5).

2.4 Optimal SGLT2/SGLT1 dual inhibition

Our results above indicate that SGLT2 inhibition may signif-
icantly increase the O2 demand of the S3 segment. Because
that segment resides in an O2-poor region of the kidney, ele-
vating its O2 requirement, which, without a compensatory
increase in O2 supply, may lead to renal hypoxia. An alter-
native therapeutic treatment may be dual SGLT2/SGLT1
inhibition. SGLT1 is expressed along the S3 segment, and its
inhibitionmay lower activeNa+ transport and thusmetabolic
demand of that segment. In part because the S3 segment
is much shorter than the proximal convoluted tubule (about

10% in length), SGLT1 inhibition alone cannot sufficiently
elevate urinary glucose excretion.

Here the key question is:What is the optimal combination
of SGLT2 and SGLT2 inhibition? That is, what fractions of
SGLT2 and SGLT1 should be inhibited? Ideally, the com-
bined treatment should yield glucose excretion at a level
similar to SGLT2 inhibition. If glucose excretion is too
low, the drug may not effective in lowering blood glucose
level; too high, the patient may suffer from hypoglycemia.
Additionally, the combined treatment should lower S3 O2

requirement without significantly increasing that of the thick
ascending limb.

To identify the optimal dual inhibition for diabetic control
and CKD rats, we conducted simulations in which SGLT1
was 100% inhibited (for maximum S3 protection), whereas
SGLT2 was inhibited at varying degrees, ranging from 90
to 100%. We computed urine flow, Na+ excretion, and glu-
cose excretion. These results are shown in Fig. 6. For the
diabetic control kidney, 100% SGLT1 inhibition paired with
94.6% SGLT2 inhibition yielded the same glucose excre-
tion as 100% SGLT2 inhibition alone; this combination was
identified as the optimal dual treatment. Compared to 100%
SGLT2 inhibition alone, the optimal dual treatment yielded
significantly lower Na+ excretion and urine flow; see Fig. 6a,
b, solid curves. For the diabetic remnant kidney, the optimal
combination is 100% SGLT1 inhibition paired with 95.7%
SGLT2 inhibition; that combination also yielded lower Na+
excretion and urine flow, although the effect was attenuated
compared to control.

We then assessed the effect of dual inhibition on QO2 of
the proximal convoluted tubule, S3 segment, and the thick
ascending limb. Results are shown in Fig. 7 for the diabetic
control and remnant kidneys. The dots correspond to the
optimal combinations (identified above), whereas the crosses
corresponding to values obtained with 100% SGLT2 inhibi-
tion alone. The model predicted that the optimal combined
treatment lowered QO2 in all three segments, with the most
significant fractional reduction obtained along the S3 seg-
ment (77 and 86%, respectively, for the diabetic control and
remnant kidneys). Importantly, themodel predicted thatmore
Na+ was reabsorbed with the optimal dual treatment, result-
ing in lower Na+ delivery to the thick ascending limbs and
lower QO2 along those segments (Fig. 7). In order words, not
only does the dual treatment protect the S3 segment from
hypoxia, it protects the thick ascending limb as well.

3 Discussion

We have applied a computational model of renal tubular
solute transport and metabolism to assess the impact of
SGLT2 inhibition on tubular QO2 and urinary excretion in
a diabetic control kidney and in a diabetic remnant kidney.
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Fig. 6 Urine flow (a), Na+ excretion (b), and glucose excretion (c) obtained with 100% SGLT1 inhibition and varying degree of SGLT2 inhibition.
Results obtained for control and CKD cases. Dots correspond to SGLT2 inhibition that yields the same urinary glucose excretion with only 100%
SGLT2 inhibition
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Fig. 7 Segmental QO2 obtained with 100%SGLT1 inhibition and vary-
ing degree of SGLT2 inhibition. Results obtained for control and CKD
cases. Dots correspond to “optimal” SGLT2 inhibition that yields the

same urinary glucose excretion with only 100% SGLT2 inhibition.
Crosses corresponding to 100% SGLT2 inhibition only

Themodel predicted that in a diabetic control kidney, SGLT2
inhibition induces natriuresis (but not diuresis); see Fig. 4.
That prediction is consistent with the blood pressure lower-
ing effect observed in patients treated with SGLT2 inhibitors.
What is even more interesting is the result for a diabetic rem-
nant kidney. Not only was the natriuretic effect augmented,
the model also predicted that SGLT2 inhibition induces
diuresis and glucosuria (Fig. 4). This result is consistent
with the clinical observation that SGLT2 inhibitors reduce
blood pressure and protect from heart failure in patients with
chronic kidney diseases and reduced GFR [33].

In both the diabetic control and remnant kidneys, while
SGLT2 inhibition lowersO2 demand along the proximal con-

voluted tubule, it increases active Na+ transport and QO2
along the S3 segment and thick ascending limb; see Fig. 5.
To protect the vulnerable S3 segment from hypoxic injury,
dual SGLT2/SGLT1 inhibitors may be used. We conducted
simulations to identify the “optimal combination” for each
type of diabetic kidney, such that the predicted glucose excre-
tion matches SGLT2-only inhibition. The model predicted
that the optimal combinations lower the QO2 of the proximal
convoluted tubule, S3 segment, and the thick ascending limb
(Fig. 7). However, urine flow and Na+ excretion are reduced
(Fig. 6), which may limit the cardiovascular-protective effect
of the treatment.
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The present nephron model predicts cellular solute con-
centrations, tubular flow, and luminal fluid solute concen-
trations. Interstitial fluid composition is assumed known
a priori. As a result, the model does not account for the
interactions among nephrons, or the interactions between
nephrons and the renal vasculature. Also, in mammals renal
blood flow is tightly regulated by a number of autoregula-
torymechanisms, such as the tubuloglomerular feedback and
myogenic response [20,40,42]; none of these mechanisms
are represented in this model. Despite these limitations, the
model can be used as an essential component in an inte-
grated model of kidney function: renal blood flow can be
predicted by incorporating a model of the afferent arteriole
(e.g., [3,5,41]) and a model of the tubuloglomerular feed-
back (e.g., [17,24,25,39]). Interactions among renal tubule
and vessels can be represented by embedding the nephron
model into a kidney model (e.g., [18,19,21]). To more accu-
rately assess the risk of hypoxia, one may want to predict
tissue PO2 under differing pathophysiologic and therapeutic
conditions. That can be achieved by incorporating the present
model into a kidney model that represents, in addition to the
many solutes already included in the nephron models, oxy-
gen, nitric oxide (NO), and superoxide (O−

2 ) (e.g., [10–12]).
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